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Femtosecond laser damage of broadband

pulse compression gratings
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The fabricated gratings used for an 800-nm compressed laser pulse have more than 90% diffraction efficiency
in the –1st order for TE polarization within 760–860 nm, and the maximum value is 94.3%. The laser-
induced damage threshold (LIDT) of the gratings increases from 0.53 to 0.75 J/cm2 in the normal beam
in a pulse width τ of 40–100 fs. The LIDT of the gratings is observed a τ 0.25 scaling in the pulse width
region. The damage morphologies of the gratings indicate that the initial damage of the gratings locates
at the grating lines, a position that coincides with that of the electric field maximum.
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Diffraction gratings are vital components in the compres-
sor of a high-power chirped pulse amplification (CPA)
laser system[1]. The CPA technique uses one or more
gratings in a “stretcher” to temporally disperse a low-
energy, broadband, short-pulse beam. The stretched
beam is then amplified without undergoing nonlinear self-
focusing. The amplified, stretched pulse is finally sent
through a “compressor” that typically contains two to
four gratings to create an intense pulse of nearly the ini-
tial pulse duration[2]. The conditions for grating that
allow only reflection into the 0 and –1 orders are sum-
marized under so-called classical mounting. Therefore,
the grating is optimized with all diffraction orders in
the transmission and reflection vanish exception of the
diffracted –1 order[3−5]. A multilayer dielectric grating
(MDG) is first proposed in 1991 as a possible solution
to increase the damage threshold and maximize average
power operation; therefore, the gratings operating at a
centered wavelength λ ≈1 µm have been fabricated and
included in numerous studies[4,6,7]. With the develop-
ment of an ultrashort pulse laser system that operates in
the 800-nm wavelength range[8], the diffraction gratings
used in ultrashort pulse compression have emerged and
been examined[5,9−12]. The gratings for ultrashort pulse
compression must meet the basic performance require-
ments of high efficiency, adequate bandwidth, and high
laser damage resistance[10]. Because of the inherent ab-
sorption loss of metals, the performance of metal gratings
is limited, even though they provide a broad, quasi-top-
hat diffraction efficiency spectrum (over 200 nm wide) for
TM polarization[5]. Although MDG can offer high laser
damage resistance, obtaining a 100-nm bandwidth has
always been a challenge. In 2007, Lyndin et al. reported
their results on all-dielectric HfO2 gratings with 96%
diffraction efficiency over a bandwidth of 38 nm and a
high damage threshold of 1.1 J/cm2 for 50 fs[9−11]. Martz
et al. (2009) reported an aperiodic (Nb0.5Ta0.5)2O5-SiO2

broadband MDG centered at 800 nm with a diffraction

efficiency of 96% between 780- and 820-nm wavelength
and 0.4 ± 0.02 J/cm2 damage threshold for 120 fs[12].
In 2010, our group reported a 110-nm bandwidth design
result of the MDG on the basis of a simulated anneal-
ing algorithm and the Fourier mode method to increase
bandwidth[5]. The gratings used for an 800-nm femtosec-
ond pulse compression were designed to have a line den-
sity of 1960 lines/mm etched in the HfO2 top layer of a
dielectric high-reflectivity (HR) mirror. The HR mirror
was composed of an alternate Ta2O5/SiO2 layer and an
HfO2 top layer[13]. The MDG has more than 97% flat-
top diffraction efficiency in the –1st order TE polarization
over a 110-nm wavelength range around a wavelength of
800 nm. The schematic diagram of the MDG is shown
in Fig. 1. In Fig. 1, t1, t2, tm, tr, tg, f , Λ, and θ repre-
sent H(Ta2O5) thickness, L(SiO2) thickness, match layer
thickness, residual layer thickness, groove depth, fill fac-
tor, period, and grating profile base angle, respectively.

Based on the design parameters, the HR mirror was
deposited on a fused silica substrate (50 × 50 (mm)) by
electron beam evaporation. The mirror has a more than

Fig. 1. Schematic of the multilayer dielectric grating.
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Fig. 2. (Color online) Designed, measured, and calculated –
1st order diffraction efficiency curves.

Fig. 3. SEM image of the MDG.

Table 1. Measured Parameters of the MDG

Parameter
t1 t2 tm tr tg Λ f θ

(nm) (nm) (nm) (nm) (nm) (nm) (deg.)

Value 101.8 146.4 120 146 233 510 0.5 69

160-nm bandwidth (reflectance > 99%) around a wave-
length of 800 nm and 83% transmission at the expo-
sure wavelength of 413 nm[13]. The grating structures
were fabricated by the Laboratory of Gratings and Mea-
surement, Department of Precision Instrument, Tsinghua
University. The –1st order diffraction efficiency of the
MDG was measured several times over the entire area
of the sample with the use of the scanning photometry
tool detailed in Ref. [14]. Figure 2 shows that the mean
measured –1st order diffraction efficiency for the TE po-
larization wavelength from 760 to 860 nm is 92%, and
the maximum value is 94.3% at 845 nm. Figure 3 shows
that the grating structure is observed in detail with scan-
ning electron microscopy (SEM, model: Zeiss Auriga).
SEM features a Schottky field emission Gemini electron
column that operates between 100 V and 30 kV and is
capable of resolutions of 1.0 nm at 15 kV and 1.9 nm at
1 kV. Figure 3 shows that no visible etching residue on
the surface and in the groove bottom can be observed,
and the structure of the grating is shaped like a trape-
zoid. The parameters of the grating structure combined
with layer thickness were measured and listed in Table
1. These parameters were used to accurately calculate
the –1st order diffraction efficiency and bandwidth of the
MDG with our software developed in the framework of
the Fourier mode method[9]. The calculated spectrum
curve shown in Fig. 2 is consistent with the measured
result.

The experimental setup for the damage test (Fig. 4)
involves an 800-nm CPA Ti: sapphire laser system that
produces a near-Gaussian spatial profile compressed P-
polarized pulse with up to 3.8-mJ energy. The pulse
duration is continuously varied in the range of 38–100
fs. The system can be run at a repetition rate of ap-
proximately 1 kHz. A half-wave plate works to vary the
pulse from P-polarized to S-polarized. The attenuator
is used to adjust the irradiation energy in the samples.
An isolated mechanical shutter is used to obtain a differ-
ent pulse number. Beam diagnostics is used to monitor
the spot morphology of each pulse. The pulse energy is
measured by an energy meter from a split-off portion of
the beam. The Gaussian spatial spot, with an area of
∼1.37×10−2 mm2 in the normal beam, can be achieved
in the focal plane of a lens with a focal length of 50 cm.
The sample for the damage test is mounted on a mo-
torized x-y translation stage. The sample is monitored
in situ with a charge-coupled device (CCD) and He/Ne
laser to avoid heating the sample. The entire apparatus
is automatically manipulated by a computer. The sys-
tem error is ±10%.

The MDG samples were utilized in damage tests in the
pulse width of 40–100 fs at the facility. In the test pro-
cedure, every damage test site was exposed to one laser
pulse. Ten sites were irradiated by the same laser flu-
ence. The fluence was gradually decreased until no dam-
age occurred. The irradiated sites were initially assessed
for damage with the aid of the CCD. After the damage
tests, a Leica DMR polarizing microscope (100×) was
used to determine the site damage and to measure the
size of the damaged sites. The LIDT (Fth) of the samples
can be obtained by linear extrapolation method (damage
area→0) in Gaussian spots because the damage area and
the logarithm of fluence in the femtosecond region have
a linear relationship[15]. Figure 5(a) shows that the mea-
sured LIDT (Fth) in the normal beam of MDG increased

Fig. 4. Experimental setup for the damage test.

Fig. 5. (Color online) (a) Fitting lines of damage area versus
the logarithm of fluence in a pulse width from 40 to 100 fs; (b)
relationship between the LIDT between the MDG and pulse
width.
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from 0.53 to 0.75 J/cm2 for a pulse width of 40–100 fs.
Comparison of the fitting lines shows that the shorter
pulse caused serious damage on the MDG under the
same irradiation fluence condition. With a system error
of 10% considered, the LIDT of the MDG in this pulse
width region observed a τ0.25 scaling, as shown in Fig.
5(b). The index (0.25) is not only less than that in a va-
riety of pure and multilayer dielectric materials (τ0.3−0.6)
from 20 s to over 100 ps[16] but is also less than that in
1 053-nm pulse compression gratings (τ0.265) from 0.66
to 9.7 ps[17]. These results indicate that the index should
be on a declining trend with the decrease in pulse width.

The typical damage morphologies of the MDG were
observed in detail with SEM (Fig. 6). The morphologies
show that damages only appear in the grating layer, as
depicted in Figs. 6(a)–(d). The damaged area of the
MDG as a result of the laser pulse decreases in size along
with the increase in pulse width. This result implies that
the short pulse creates a large damage area in the same
irradiation fluence. Figures 6(a’)–(d’) shows the am-
plified image of the rectangular area in Figs. 6(a)–(d),
respectively. The detailed damage characteristic demon-
strates that all the initial damages occur on the grating
lines at the opposite side of the illuminating beam. The
damage of the grating lines with no distinct melting phe-
nomenon shows that the melting process is not the main
reason for the damage in the ultrashort range. To our
knowledge, a femtosecond pulse-induced initial damage
of a dielectric is a nonlinear damage process. The elec-
tric field intensity is also a very important factor for the
nonlinear absorption process[18]. The parameters of the
grating structure (Table 1) were accurately measured to
calculate the normalized electric field intensity (NEFI)
distribution of the MDG and intuitively explain the

Fig. 6. Typical damage morphology of the MDG in a pulse
width from 40 to 60 fs. (a)–(d) show the panorama of the
damage from 40 to 100 fs. (a’)–(d’) show the detailed dam-
age morphologies of the damage edges in (a)–(d), respectively.

Fig. 7. Near-field distribution of the manufactured MDG. TE
polarization laser with the incidence angle of 57◦ coming from
the left.

initial damage. The NEFI distribution is calculated with
the TE polarization laser at a wavelength of 800 nm com-
ing from the left at an incident angle of 57◦. The distri-
bution shown in Fig. 7 demonstrates that the electric
field maximum is located on the grating ridge at the op-
posite side of the illuminating beam. Combining Figs.
6 and 7 indicates that the damage begins on the grat-
ing lines at the opposite side of the illuminating beam
where the enhancement of the electric field is maximum.
This microscopic observation proves the link between the
maximum electric field and damage initiation. Therefore,
decreasing the electric field intensity maximum by opti-
mization of the parameters of the grating structure is one
of the primary methods to increase laser damage resis-
tance of the MDG.

In conclusion, the manufactured MDG has more than
90% flat-top diffraction efficiency in the –1st order for TE
polarization with a 100-nm bandwidth around 800 nm.
The LIDT of the MDG increases from 0.53 to 0.75 J/cm2

pulse width from 40 to 100 fs, which observes a τ0.25 scal-
ing in the pulse width range. Basing from the analysis
of damage morphology and the NEFI distribution, we
consider that the local enhancement of the electric field
intensity in a dielectric grating ridge relates directly to
the laser damage resistance of the multilayer dielectric
grating.
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